Introduction component system paradigm, a histidine kinase, upon receiving an input signal, autophosphorylates at a conHow cells coordinate the timing of events in their cell served histidine residue and transfers its phosphate to cycles is a fundamental biological problem that is poorly an aspartate residue on its cognate response regulator understood in prokaryotes. Caulobacter crescentus to activate it for transcriptional activation or repression. provides an accessible bacterial model system to adExperiments presented here argue that CtrA acts didress this problem, because progression through its cell rectly at cell cycle-regulated promoters to control multicycle is accompanied by a series of transitions that ple cell cycle events. Given the demonstration that CtrA produces morphologically distinct cell types: a flagelcan be phosphorylated in vivo and in vitro, and the recent lated swarmer cell, a nonmotile stalked cell, and a prediidentification of other genes involved in Caulobacter cell visional cell bearing both a flagellum and a stalk (dedivision and differentiation as members of the histidine scribed in Figure 8 ). These transitions occur invariantly kinase and response regulator gene families (Hecht et during the cell cycle and are subject to cell cycleal., 1995; Ohta et al., 1992; Wang et al., 1993) , we prodependent checkpoints (Dingwall et al., 1992 ; Huguenel pose a central role for phosphorelay-mediated signal and Newton, 1982; Osley and Newton, 1977) , suggesting transduction pathways in bacterial cell cycle control. that a single regulatory system may control both morphological development and the cell cycle.
The best studied aspect of the morphological develResults opment of Caulobacter has been the process of flagellar biogenesis (reviewed by Brun et al., 1994; Gober and Isolation of the ctrA401 Cell Cycle Mutant To find genes that control both the earliest steps in the Marques, 1995). Over 40 genes required for this process have been identified, and the transcription of many of flagellar transcriptional cascade and events critical for cell cycle progression, we isolated temperature-sensithem has been shown to be temporally controlled. These genes are organized in a regulatory hierarchy composed tive (ts) mutations that at the permissive temperature disrupt functions essential for negative regulation of the of four levels or classes, with higher level genes expressed earlier in the cell cycle than lower level ones, class II flagellar fliQ promoter, and that at the restrictive temperature disrupt functions essential for viability. In and with genes in each level required for the expression of the genes in the levels below. The highest level of this report, we describe one mutation, ctrA401, that causes a 2.5-to 3.5-fold elevated rate of fliQ transcripgenes identified thus far has been designated as class II, because the class I designation has been reserved for tion at the permissive temperature (28ЊC; Table 1 , column 1) and that is lethal at 37ЊC. Upon shifting to 37ЊC, the hypothetical factors that initiate the transcriptional cascade. Several class II promoters contain a conserved the ctrA401 mutant strain LS2195 exhibits a defect in cell division ( Figures 1A and 2B ). The lack of constrictions on sequence motif that has been shown to be essential for and transcription phenotypes also complemented the stalkless phenotype (see Figure 1B ). Because the TGA stop codon of ctrA overlaps the HinfI site at the end of The Multiple Phenotypes of ctrA401 Mutants Are this region, essentially no DNA downstream of ctrA is Due to Defects in a Single Gene Product required for complementation of any of the observed To show that a single defective gene causes all of the phenotypes. Thus, all of the phenotypes observed must observed phenotypes of LS2195, we isolated cosmids be due entirely to altered function of the CtrA protein that complemented the ts lethality phenotype. Because itself, and not to polar effects on downstream genes. homologous recombination occurs at high efficiency in Caulobacter, complementation in a rec ϩ background indicates only that a region spanning the mutation is ctrA Encodes a Response Regulator CtrA is homologous to the response regulator superfampresent, while complementation in a rec Ϫ background generally indicates the presence of the entire gene in ily of signal transduction proteins ( Figure 3B ). CtrA contains each of the conserved amino acids that define which the mutation resides. Deletion and complementation analysis localized the gene to a 1.2 kb SalI-HinfI members of this superfamily, including the putative phosphorylation site, Asp-51, and other residues that region ( Figure 3A ) and the ctrA401 mutation to a 216 bp SacI-HinfI fragment. The 1.2 kb SalI-HinfI region also are conserved within the so-called acidic pocket active site (Volz, 1993) . CtrA belongs within the OmpR subfamcomplemented the cell division phenotype (see Figure  1A ) and the fliQ transcription phenotype (Table 1, col- ily. Escherichia coli OmpR possesses a C-terminal DNAbinding domain (Tsung et al., 1989) , and its activity as umn 3). DNA sequence analysis of this 1.2 kb region revealed a single open reading frame flanked by a putaboth a transcriptional activator and repressor depends on the phosphorylation of its N-terminal regulatory dotive ribosome-binding site upstream and Rho-independent transcriptional terminator downstream. Sequencmain (Delgado et al., 1993; Rampersaud et al., 1994; Russo and Silhavy, 1991) . CtrA is similar to OmpR over ing of the ctrA401 allele in the 216 bp region known to contain the mutation confirmed the presence of a single its entire length: it is 33% identical in the N-terminal regulatory domain (residues 1-118), 24% in the DNApoint mutation within the open reading frame.
In addition to showing altered transcription and cell binding domain (residues 119-231), and 29% identical (with 54% similarity) overall. The mutation in the ctrA401 division, ctrA401 mutants are unable to form stalks at the permissive temperature (see Figure 1B) (Lukat et al., 1992) , the catalytic activity responsible for their phosphorylation is believed to reside in the response regulators themselves rather than in their cognate histidine autokinases . We purified a His 6 -tagged CtrA fusion protein and showed that this fusion could autophosphorylate in vitro in the presence of [ 32 P]acetyl phosphate ( Figure 4A ). The phosphate bond was base labile but moderately acid stable, suggesting that phosphorylation occurred at an acidic residue (Fujitaki and Smith, 1984; Martensen, 1984) Figure 4B ), demonstrating that CtrA can be phosphorylated in vivo as well as in vitro.
To test whether phosphorylation is required for CtrA activity, we changed the putative phosphorylation site, Asp-51, to a glutamate residue by site-directed mutagenesis. The resulting allele, ctrAD51E, could complement neither the ts lethality phenotype of the ctrA401 mutation in a rec Ϫ background (see Figure 3A , plasmid pCTD290), nor a ctrA deletion mutant (see Experimental Procedures), suggesting that phosphorylation at Asp-51 is required for CtrA activity. The recessive ts lethality phenotype of the ctrA401 muwhich was grown at 32ЊC in PYE plus xylose (0.003%) and shifted tant suggested that the ctrA gene is essential for cell to PYE plus glucose (0.2%) for 8 hr. Strains used: NA1000 (ctrA ϩ ); viability. To prove this, we constructed a ctrA-null allele. under the control of the xylose-inducible xylA promoter (A. Meisenzahl, L. S., and U. Jenal, unpublished data), required exogenously added xylose for growth, both in complex and minimal media (see Figure 2C ). Like the Growth was assayed by single colony formation, serial culturing, or both, in both complex and minimal media. The genotypes of the strains are shown schematically. (B) Plots of cell mass and viable cell number versus time after shifting to the restrictive temperature. Cells were grown in PYE media to an OD660 of 0.05 at 28ЊC before shifting to 37ЊC. Cell mass was measured by OD 660; viable cell number was measured as colonyforming units (cfu) at the permissive temperature. (C and D) Same as (A) and (B), but using LS2196 and the isogenic wild-type strain LS2222, and shifting to xylose-free media to repress transcription from the PxylA promoter driving ctrA expression. Cells were grown at 32ЊC in PYE in the presence (permissive condition) or absence (restrictive condition) of 0.003% xylose.
ctrA401 ts mutant, LS2196 showed a cell division phenoisolated as a partial loss-of-function allele at the permistype (see Figures 1A and 2D ) upon removal of xylose.
sive temperature, these results suggest that CtrA negaThe control strain LS2222 carrying the PxylA::ctrA fusion tively regulates the fliQ, fliL, and hemE P s promoters. but with a wild-type copy of ctrA did not require xylose Results obtained upon shifting the ctrA mutant strains for growth (see Figure 2C ) or division (data not shown), to restrictive conditions suggest that in addition to actdemonstrating that ctrA is an essential gene.
ing negatively to regulate transcription, wild-type ctrA acts positively at each of the promoters tested. Upon shifting the xylose-dependent PxylA::ctrA strain LS2196 to xylose-free medium, the hemE P s , fliQ, and fliL proctrA Regulates Multiple Cell moters initially increased their rates of transcription, but Cycle-Controlled Promoters as CtrA became increasingly depleted with time, these The fliQ promoter contains a 9-mer sequence motif also promoters, as well as the ccrM promoter, declined in found in a number of other cell cycle-regulated promotactivity ( Figure 6 ). Quantitatively similar results were obers (see Figure 7A ). These include the promoters of the tained by shifting the ctrA401 mutant to 37ЊC (see Table  class II flagellar gene fliL (Stephens and Shapiro, 1993) , 1; compare columns 4 and 5). The decreases in tranthe ccrM gene encoding an essential DNA methyltransscription in the ctrA401 mutant could be complemented ferase (Zweiger et al., 1994; Stephens et al., 1995; C. by wild-type ctrA on a plasmid (see Table 1 , column 6). Stephens et al., submitted) , and the hemE P s promoter Although strong decreases in transcription from the fliQ that resides within the chromosomal origin of replication and hemE P s promoters do not occur in LS2196 until and controls the cell type-specific initiation of DNA replicells are beginning to lose viability (compare Figures 6 cation (Marczynski et al., 1995) . We thus tested these and 2D), we do not believe that the loss of viability promoters for genetic interactions with ctrA using procauses the decreases, for the following reasons. First, moter fusions to a lacZ reporter gene.
the transcription rates shown are normalized to the Under permissive conditions, assays performed in growth rate, so that decreases in total cellular transcripboth the ts and xylose-dependent ctrA mutant strains tion are already accounted for; second, transcription (LS2195 and LS2196, respectively) suggest that CtrA rates begin to decline while viability is unaffected and acts as a negative regulator of the fliQ, fliL, and hemE P s cells are still exponentially increasing in mass; third, the promoters (see Table 1 , columns 1 and 2). Transcription quantitatively similar transcription rates in the ts ctrA401 from promoter-lacZ fusions showed strong increases strain declined immediately after the temperature shift, in each of the mutant backgrounds relative to the wildwell before any effects on viability had occurred; and type backgrounds for the fliQ and hemE P s promoters fourth, transcription of the control promoter rsaA is unaf-(2.5-fold), and a weaker but reproducible increase for fected by the decline in viability. the fliL promoter (1.3-to 2.3-fold). These effects could From these results, CtrA can clearly be seen to regube complemented by wild-type ctrA on a plasmid (see late the fliQ, fliL, and hemE Ps promoters both negatively Table 1 , column 3). The control xylA and rsaA promoters, and positively. Partial depletion of CtrA disrupts negawhich are transcribed constitutively throughout the cell tive regulation, while further depletion disrupts positive cycle (Fisher et al., 1988; A. Meisenzahl, L. S., and U. regulation, suggesting that the function of CtrA may Jenal, unpublished data), were relatively unaffected by switch between positive and negative regulation as its the ctrA mutations, as was the ccrM promoter. Because expression changes during the cell cycle. Repression LS2196 produces reduced levels of CtrA even in the of ccrM transcription was not detected; thus, we have presence of xylose (as determined by immunoblotting; data not shown), and because the ctrA401 allele was evidence only for positive regulation at this promoter. region was flanked by protein-dependent DNase I-hypersensitive sites. The protected region is centered approximately at the conserved 9-mer sequence motif (consensus TTAA-N7-TTAAC) that is also found in the fliL, ccrM, and hemE P s promoters ( Figure 7A ). The two 9-mer motifs in hemE P s are also protected by the His 6 -CtrA fusion The putative phosphorylation site is represented by the asp51 and circled P. The Asp-51 to Glu mutation in pCTD290 is represented by the glu51. The site of the Thr-170 to Ile mutation in the ctrA401 allele is also shown. Restriction sites are shown as follows: S, SalI; B, BstBI; H, HinfI; X, XmnI; G, BglII; C, SacI; P, HpaI; E, EcoRI. (B) Amino acid sequence comparison of CtrA to response regulator proteins. The deduced CtrA amino acid sequence was aligned with E. coli OmpR and Streptococcus pneumoniae CiaR (Guenzi et al., 1994) with the GAP program in the University of Wisconsin Genetics Computer Group package (Devereux et al., 1984) . Vertical lines indicate amino acid identity; colons indicate chemical similarity. Boxed residues are the highly conserved signature amino acids of response regulators (Volz, 1993) . The black box indicates the conserved aspartate that is phosphorylated in OmpR and other response regulators. Other residues whose side chains are predicted to lie in the acidic pocket are underlined and shown in boldface. The circled T (Thr-170) is the residue mutated to Ile in the ctrA401 allele. Sequence identities were 29% (54% similarity) and 35% (62% similarity) with OmpR and CiaR, respectively.
CtrA Binds a Conserved DNA Sequence Motif in the fliQ Promoter To test whether the CtrA protein directly binds to its approximately Ϫ18 to Ϫ45 bp relative to the transcripThe same labeled cell extracts were immunoprecipitated with antiflagellin antibody as a control.
tion start site on both strands, and that this protected The transcription rates are shown normalized to the steady-state transcription rate in wild-type strain NA1000. Transcription rates were determined as described in Experimental Procedures.
protein (G. T. M., unpublished data)
. In all cases, the 9-mer has been shown by deletion analysis, site-directed mutagenesis, or both to be essential for promoter activity (Marczynski et al., 1995; Stephens and Shapiro, 1993; Stephens et al., 1995; Zhuang and Shapiro, 1995) . Thus, both in vivo and in vitro evidence suggests that CtrA acts directly to regulate multiple cell cycle events transcriptionally, including the initiation of the flagellar hierarchy, the temporally controlled methylation of DNA, and the initiation of DNA replication. gest that CtrA is an essential regulatory protein that conserved 9-mer motifs are shown in boldface and underlined or overlined. Lanes 1, 5, 6, and 10 contain no added protein; lanes 2 acts directly to control multiple cell cycle events at the and 6, 3 and 7, and 4 and 8 contain 50, 25, and 12.5 g/ml His6-CtrA, transcriptional level (summarized in Figure 8 ).
Discussion
respectively.
What Signals Control CtrA?
A well-studied cell division event that may provide a useful paradigm for how CtrA functions in cell cycle which are phosphorylated by a single kinase in response to a single environmental cue, Spo0A is phosphorylated control is the asymmetric cell division that occurs during sporulation in Bacillus subtilis (reviewed by Hoch, 1993) .
by a multicomponent phosphorelay system (Burbulys et al., 1991) perhaps through CtrA itself. In addition, class II promoters are subject to negative regulation by other class II genes (Dingwall et al., 1992; Zhuang and Shapiro, 1995) . Since most class II flagellar genes encode structural proteins that are unlikely to act directly as transcriptional regulators, they likely regulate transcription indirectly via a mechanism that senses the presence of an incomplete flagellar structure (Ramakrishnan et al., 1994) . Such a sensing mechanism has been demonstrated to control flagellar gene expression in Salmonella typhimurium (Hughes et al., 1993; Kutsukake, 1994) . Does the state of flagellar structural assembly affect the state of CtrA? If it does, one might expect that incomplete flagellar assembly would also affect other CtrA-regulated processes. This is in fact observed: many class II flagellar mutants show a nonlethal filamentous morphology (Yu and Shapiro, 1992; Zhuang and Shapiro, 1995) , as if cell division were delayed in response to the incomplete flagellar structure present in these mutants. This filamentation can be suppressed by providing ctrA on a multicopy plasmid (U. Jenal and K. C. Q., unpublished data), suggesting that the state of flagellar assembly is an input signal that regulates CtrA. the input nor output signals for this signal transduction pathway have been identified. Given their roles in cell division and development, it is possible that these proteins effect their functions through CtrA. Interestingly, The requirement for the Asp-51 residue in CtrA for DivK is a single domain response regulator that lacks a cell viability, the highly conserved nature and functional DNA-binding domain (Hecht et al., 1995) . A similar type importance of this residue among response regulators of protein, Spo0F, acts as a phosphorylated intermediin general (Parkinson and Kofoid, 1992) , and the in vivo ate in the multicomponent phosphorelay that phosphorand in vitro phosphorylation of CtrA demonstrated in ylates Spo0A (Burbulys et al., 1991) , raising the possibilthis report together strongly argue that CtrA activity is ity that DivK acts in a similar fashion to phosphorylate regulated by phosphorylation at this site. What signals CtrA. might control this phosphorylation? The observation that CtrA acts as a regulator of multiple independent events that occur at different times in the cell cycle How Does CtrA Control Cell Cycle Events? suggests that, as in the case of Spo0A, CtrA phosphoryThe identification of CtrA as a member of the response lation may be influenced by multiple cell-intrinsic sigregulator superfamily, the demonstration of its in vitro nals. The ccrM promoter and several class II flagellar DNA-binding activity to a sequence motif essential for promoters are sensitive to blocks in DNA replication transcription, and the altered expression of promoter- (Dingwall et al., 1992; Stephens and Shapiro, 1993;  lacZ fusions in ctrA mutant backgrounds, together Stephens et al., 1995) , and at least the fliQ promoter is strongly argue that CtrA acts as a DNA-binding protein also sensitive to UV-irradiation (K. C. Q., unpublished and transcription factor. Transcription factors are known data), demonstrating that signals reflecting DNA replicato restrict the presence of critical protein products, such as the budding yeast G1 cyclin proteins Cln1p and tion and DNA damage affect CtrA-regulated promoters, Cln2p, to discrete periods during the cell cycle (Koch events suggests that the CtrA signal transduction pathway may be of similar importance in the control of the and Nasmyth, 1994). CtrA-mediated transcriptional regulation may similarly restrict the activity of the essential Caulobacter cell cycle. The identification and analysis of the components of this pathway, some of which may CcrM DNA methyltransferase protein to a period late in the cell cycle (C. Stephens et al., submitted) . In addition, already have been independently isolated and characterized by Newton, Ely, and coworkers (Hecht et al., it has been proposed that repression of DNA replication in swarmer cells results from repression of hemE P s 1995; Ohta et al., 1992; Wang et al., 1993) , will undoubtedly provide insights into how bacteria integrate signals specifically in the pole of the predivisional cell destined to control cell cycle events. to become the swarmer cell (Marczynski et al., 1995 notypic analysis of ctrA mutants, however, that key regPlasmids were mobilized from E. coli strain S17-1 into C. cresulators of these processes will be found to contain CtrAcentus by bacterial conjugation (Ely, 1991) . Plasmid pXPC15 was binding sites in their promoters. multiple binding sites, including lower affinity ompF rectrA deletions were generated in the presence of complementing pression sites (Rampersaud et al., 1994, and references promoters have yet to be demonstrated. hemE P s , how-
Isolation of Mutants
ever, does contain at least two consensus CtrA-binding
We initially hypothesized that the tightly regulated cell cycle transites: one that overlaps the transcription start site, and scription patterns of class II flagellar genes might be generated by another that overlaps the Ϫ35 position ( Figure 7A ). The both positive and negative regulation. We therefore designed a twoposition of the ϩ1 site and mutagenesis of the Ϫ35 site step screen to find partial loss-of-function ts mutations that would (Marczynski et al., 1995) suggest that the former may disrupt only functions required for transcriptional repression at the be a negative regulatory site, and the latter an activation permissive temperature, but that would disrupt multiple functions, including cell cycle-regulatory functions, at the restrictive temperasite. when ctrA transcription (from a heterologous promoter) methanesulfonate (EMS) for 30 min to obtain a killing efficiency of 50% essentially as described by Rizzo et al. (1993) . Approximately is repressed (Figure 6 ). This suggests that the cell cycle-1000 colonies resistant to high kanamycin levels (representing about regulated transcription of wild-type ctrA ( Figure 5 ) is at CtrA-P at any time during the cell cycle may thus depend mutant allele was cloned and moved into a wild-type (NA1000) geboth on the rate of ctrA transcription as well as the rate netic background to generate strain LS2195 used in this report.
of CtrA phosphorylation.
Complementation, Sequencing, and Site-Directed Mutagenesis
Conclusion and Future Prospects
Complementing cosmids were isolated by mobilization of a partially A key principle to emerge from studies in the budding pooled cosmid library (Alley et al., 1991) into LS1094. Cosmids puriand fission yeasts is that a simple eukaryotic cell cycle fied by an alkaline lysis miniprep procedure (Sambrook et al., 1989) can be largely controlled by the state of a single profrom individual colonies that grew at 37ЊC were retested for completein, the p34 cdc2/CDC28 kinase (Nasmyth, 1993 by the manufacturer. Site-directed mutagenesis was performed in ␤-galactosidase assay (Miller, 1972) in which cell mass was measured at 660 nm. In this assay, where B is ␤-galactosidase activity, vitro on a single-stranded template essentially as described by Deng and Nickoloff (1992) . The presence of the mutation was confirmed B ϭ 1000(OD 420 /OD 660 ) (tv) Ϫ1 , where t and v are the time of the assay and the volume of the culture assayed, respectively. In steadyby restriction analysis and DNA sequencing. state growth, by definition, B is a constant and is thus equal to 1000(dOD 420/dOD660) (tv) Ϫ1 and is proportional to the transcription Assays of lacZ Transcriptional Fusions Transcription rates from promoter-lacZ transcriptional fusions at rate normalized to the growth rate of the culture. To make the equivalent measurement under nonsteady-state conditions (upon shift to the permissive temperature (assay 1) were assayed with a modified
